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Abstract

Cloud optical thickness and effective radius retrievals from solar reflectance

measurements are traditionally implemented using a combination of spectral channels

that are absorbing and non-absorbing for water particles. Reflectances in non-absorbing

channels (e.g., 0.67, 0.86, 1.2 p.m spectral window bands) are largely dependent on cloud

optical thickness, while longer wavelength absorbing channels (1.6, 2.1, and 3.7p.m

window bands) provide cloud particle size information. Cloud retrievals over ice and

snow surfaces present serious difficulties. At the shorter wavelengths, ice is bright and

highly variable, both characteristics acting to significantly increase cloud retrieval

uncertainty. In contrast, reflectances at the longer wavelengths are relatively small and

may be comparable to that of dark open water.

A modification to the traditional cloud retrieval technique is devised. The new

algorithm uses only a combination of absorbing spectral channels for which the snow/ice

albedo is relatively small. Using this approach, retrievals have been made with the

MODIS Airborne Simulator (MAS) imager flown aboard the NASA ER-2 from May-

June 1998 during the Arctic FIRE-ACE field deployment. Data from several coordinated

ER-2 and University of Washington CV-580 in situ aircraft observations of liquid water

stratus clouds are examined. MAS retrievals of optical thickness, droplet effective radius,

and liquid water path are shown to be in good agreement with the in situ measurements.

The initial success of the technique has implications for future operational satellite cloud

retrieval algorithms in polar and wintertime regions.
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l. Introduction

The First ISCCP (International Satellite Cloud Climatology Project) Regional

Experiment- Arctic Clouds Experiment (FIRE-ACE) was conducted in the vicinity of

Barrow, Alaska and northward over the Chukchi and Beaufort Seas. The overall purpose

of the experiment was to better understand cloud-surface interactions and radiative

effects in the Arctic Ocean region [see Curry and al., 1999 for review]i 0f Speci_C

interest to the FIRE project was development and validation of satellite and aircraft

remote sensing techniques for retrieving cloud properties. In particular, retrievals of both

cloud optical thickness and particle size are necessary in understanding and

parameterizing cloud radiative effects in the shortwave and longwave spectral regions

[Slingo, 1990; review of Wielieki et al., 1995]. Cloud particle size retrievals are also

important in studies of the so-called indirect effect of aerosols on climate, and in

determining susceptibility to microphysical modification of cloud albedo [Charlson et al.,

1987; Twomey, 1974; Twomey, 1991 ] and precipitation processes [Albrecht, 1989; Pineus

and Baker, 1994; Austin et al., 1995]. In radiative studies, it is the effective radius

(re = r 3/ r 2 ) that is the important measure of the particle size distribution. Retrievals of

both cloud parameters are especially problematic using solar reflectance techniques in the

presence of highly reflective surfaces such as snow and sea ice in the polar regions. The

FIRE-ACE time period overlapped with the Surface Heat Budget of the Arctic Ocean

(SHEBA) project, which included an icebreaker ship adrift in the pack ice. The ice

station, located about 700km northwest of Barrow, AK during the experiment, included a

number of remote sensing and meteorological instruments useful in cloud retrieval

validation.

Previous algorithms for retrieving cloud optical thickness and effective radius

from reflectance measurements have used Spectral bands that are both absorb_g_non-

absorbing for water particles. Reflectances in non:absorbing channels (e.g., 0.67, 6_86,

1.2_tm spectral window bands) are largely dependent on cloud optical thickness. Only a

relatively small decrease in reflectance occurs with increasing particle size due to a

corresponding slight increase in the particle forward scattering (characterized by the

scattering asymmetry parameter, g). For instance, the asymmetry parameter for 1]quld :

water droplets varies from only about 0184 to 0.87 in the visible, as effective radius

increases from 5 to 201am. However, reflectances in longer wavelength absorbing

channels (1.6, 2.1, and 3.7_tm window bands, collectively referred to as near-infrared in



this paper) are extremely sensitiveto particle absorption.Single scatteringalbedo
(differencebetweenunity andfractionalparticleabsorption)decreasesin the2.1lmaband

from about0.99 to 0.96 for thesamerangeof effectiveradii as in the aboveexample.

Sinceparticleabsorptionisproportionalto size,thissensitivityto singlescatteringalbedo

providescloud particle size information.Sucha combinationof absorbingand non-
absorbingreflectancemeasurementsis advantageousin that it allows for a nearly

orthogonal separationof optical thicknessand particle size in the measurements,
especiallyfor thickerclouds(seesection2).

In principle, this techniqueis useful for ice particlesaswell as liquid water
droplets.However,ice cloudswill in generalpresentanadditionalretrievalunknown-

particlehabit.Liquid watercloudretrievals,alongwith validationcasestudies,havebeen

describedby Twomey and Cocks [1982; 1989], Foot [1988], Nakajima and King [1990],

Nakajima et al. [1991], and Platnick and Valero [1995]. Ice cloud retrieval validation

studies [e.g., Ou et al., 1995; Young et aL, 1998] have also been discussed. In the present

study, we will deal exclusively with liquid water cloud retrievals using solar reflectance

measurements. Since section 2 of this paper will only discuss basic retrieval principles,

the reader is referred to the cited studies for further detail.

The use of a visible or other useful non-absorbing bands presents serious

difficulties for cloud retrievals over ice and snow surfaces. At these shorter solar

wavelengths, snow/ice can be both bright and highly variable, each acting to significantly

increase cloud retrieval uncertainty. Retrieval algorithms are inherently more sensitive

over dark surfaces where the cloud-surface contrast is greatest. Bright surfaces (e.g., an

ice albedo of 0.5 in the visible) acts to reduce, or mask, the effect of the cloud on the

overall measured reflectance. This is especially problematic for thin clouds having a

reflectance of the same order as the surface reflectance variability. Of course, accurate

knowledge of the surface reflectance is essential regardless of cloud thickness. In

contrast, snow/ice reflectances at the longer wavelengths are relatively small and may be

comparable to that of dark open water.

A modification to the traditional cloud retrieval technique is presented. The new

algorithm uses only a combination of absorbing spectral channels for which the snow/ice

albedo is relatively small. Specifically, the 1.6_tm band reflectance is essentially used as

a surrogate for the traditional non-absorbing band, in conjunction with a more absorbing

2.1 or 3.7_tm band. This approach significantly reduces (or practically eliminates in the

case studies that follow) the effect of the snow/ice surface. As nothing comes for free, the
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reduced surface effect is at the expense of retrieval orthogonality. Using this method,

liquid water cloud retrievals have been made with the MODIS Airborne Simulator

(MAS) imager flown aboard NASA's high altitude ER-2 aircraft during the FIRE-ACE

field deployment. While the FIRE-ACE observation period extended from April to July

1998, ER-2 operations were conducted between 18 May and 6 June out of Fairbanks,

AK.

The MAS is a 50 channel scanning radiometer providing spectral coverage from

the visible through the infrared, including those bands useful for cloud retrieval studies,

via four separate grating assemblies. Onboard blackbodies are used for thermal

calibration, while a laboratory integrating sphere is used in the solar spectrum. Spectral

laboratory calibrations are also routinely made. At nominal ER-2 altitudes (20km), the

nadir spatial resolution is 50m at the surface corresponding to a cross-track swath width

of about 37km (716 pixels). Further details are given by King et al. [1996]. Cloud

retrieval validation studies using this instrument have been reported by Platnick et aL

[2000] for California marine stratus clouds.

In this paper, data from coordinated ER-2 and University of Washington CV-580

aircraft observations of liquid water stratus clouds are examined. Size retrievals are

compared with in situ cloud profile measurements of effective radius made with the

Particle Measuring Systems FSSP-100 probe. Optical thickness and liquid water path

retrievals are compared with values derived from the Gerber Scientific, Inc. cloud

integrating nephelometer (also known as the "g-meter") and PVM-100A [Gerber et al.,

1994], respectively. Section 2 discusses the difficulties of retrievals over bright surfaces

and the tradeoffs in using only those spectral bands with significant water absorption.

Section 3 summarizes sea ice and snow reflectance measurement in the Arctic obtained

during previous field campaigns. In section 4 we discuss two liquid water cloud case

studies, including a lowlevel boundary layer cloud and an extensive, but spatially

variable, supercooled midlevel stratus deck. MAS retrievals are shown to be in good

agreement with the in situ measurements.

2. Cloud Retrievals over Bright Surfaces

As discussed above, solar reflectance measurements in visible and near-infrared

bands have been routinely used to infer cloud optical thickness (zc) and effective radius

(re) of liquid water clouds. The reflectance in a visible or non-absorbing band has the



functional dependenceRws=Rws(_'c), implying that optical thickness can largely be

determined from this single measurement. In the water-absorbing near-infrared bands,

located in the 1.6, 2.1, or 3.71am spectral region, reflectance can be a significant function

of both quantities, i.e., RNIR=RNIR('Cc,ro), though for large absorption and/or cloud optical

thickness, RNIR=RNr,(re). Since these bands are located in atmospheric windows to

minimize the effect of molecular absorption, further mention of absorption will be

understood to refer to water droplets and not water vapor or other gases. Droplet size

information can only be inferred from these absorbing bands. In principle, simultaneous

reflectance measurements using a combination of any two bands (providing at least one

has significant absorption) will allow for the solution of the two unknowns. For example,

a combination of a 1.6 and 2.1 I.tm band reflectance measurement could be used instead of

the traditional non-absorbing and absorbing band combination. However, only the latter

combination allows for near othogonality between the two solutions. These concepts are

discussed below.

Consider a cloud retrieval obtained from simultaneous visible and 2.1 _tm band

reflectance measurements for the ideal situation where the cloud overlies a surface having

a small albedo in both bands. A useful means for understanding the information content

of the two reflectance measurements is to transform the retrieval solution space (contours

of constant optical thickness and effective radius) into the reflectance space [Nakajima

and King, 1990; Rawlins and Foot, 1990]. An example is shown in the plots of Fig. la

for the two corresponding MAS bands and the geometry given in the caption. The surface

albedo for each, representative of open water, is indicated on the figure. With such a plot,

the cloud retrieval problem reduces to the solution consistent with the point specified by

reflectance measurement in the two spectral bands. Note that solution contours are nearly

orthogonal over much of the measurement space, especially at the larger optical

thicknesses. For exact orthogonality, an error in the reflectance measurement from one

spectral band (caused by either instrument calibration or modeling errors) does not affect

the solution obtained with the other spectral band. Though multiple solutions are seen for

the 2_tm effective radius contour, such a size has been found to be unrealistic for real-

world clouds.

Now consider a cloud overlying sea ice or snow. Figure l b demonstrates the

difficulties in retrieving cloud optical thickness using a spectral band for which the

surface is both bright and variable. The retrieval solution space is shown for the same

spectral bands of Fig. 1a, but with a Lambertian surface reflectance of 0.50 in the visible

band. The surface albedo in the 2.1 _tm band is assumed unchanged for an ice surface (see



section3). Two sourcesfor increasederror sensitivityin theoptical thickness contours

are evident. First, the optical thickness contours have been moved to the fight along the

abscissa, narrowing their spacing. Because of this compression in the optical thickness

contours, an error in the visible reflectance measurement will translates into a much

greater optical thickness error than for the situation of Fig. 1a. This error magnification is

inherent to retrievals over bright surfaces. The physical cause is the relatively smaller

reflectance increase contributed by the cloud (even a semi-infinite cloud would not be

detected with a non-absorbing band in the extreme case of unity surface albedo).

Secondly, an uncertainty in the underlying sea ice albedo for the visible band results in an

uncertainty in the horizontal position of the left side thickness contours (i.e., reflectance

for ice plus thin cloud is highly uncertain) causing a potentially large retrieval

uncertainty. As an example, inspection of Figs. l a,b suggest that retrieval of optical

thickness to within +20% for a nominal cloud with "co= 10 and re = 10_tm, would require

knowing the surface reflectance to better than about 10% relative (i.e., 0.50+0.05). As

discussed in the next section, sea ice and snow albedo can be highly variable with a

significant seasonal variability. It is unrealistic to expect that the spectral surface albedo

of these surfaces can be known to the desired accuracy, both temporally and spatially, for

useful operational satellite cloud retrievals [ Wielicki et aL, 1995]. Existence of broken sea

ice, common near Barrow during FIRE-ACE, exacerbates the difficulty in specifying the

effective area-averaged surface albedo needed for cloud retrievals.

A better quantitative approximation for the increased error sensitivity in the

optical thickness retrieval from both these effects can be found from two-stream formulae

for flux reflectance with conservative scattering. The combined cloud-surface reflectance

is given by Rm=Rc+Rs(1-RS/(1-R_R¢) where Rm is the total measured reflectance, Rs is

the surface reflectance, and R_ is the reflectance of the cloud being observed when

overlying a black surface. Isolating the cloud reflectance terms gives

R¢=(Rm-Rs)/[1-Rs(2-Rm)]. Substitution of a two-stream reflectance formula having the

general form Re=]%/(1 + yr¢), where "t'¢is the cloud optical thickness and yis a constant

depending on the scattering asymmetry parameter, gives

1 R.-R_
_c_ - -- . (1)

'?' (l- Rm)(l- R,)



The above formula is a simple approximation for the retrieved optical thickness

corresponding to some measured reflectance and a presumed surface reflectance. The

small effect of droplet size on the retrieval (non-vertical contour lines in Fig. lb) is

through the asymmetry parameter, i.e., y, which will be neglected in the following

discussion.

Assuming the surface reflectance is specified without error, the relative

uncertainty in the optical thickness retrieval due to measurement uncertainty (e.g.,

instrument calibration) is given by derivative Oln_'c/OR m. This corresponds to the first

source of retrieval sensitivity discussed earlier. Retrieval uncertainty due to uncertainty in

model calculations of the visible band reflectance is also covered by this derivative. It can

be shown that the derivative is given by

o31nTr 1 1
= (2)

onR_ 7"lr_ (1- R_) 2 "

Likewise, because of symmetry between R m and Rs in Eq. 1, the sensitivity to uncertainty

in knowledge of the surface reflectance, assuming no measurement error, is

31n_'_ _ -1 1

o_R, yar (1- R,) u "
(3)

As an example, consider a cloud with Tc=10, asymmetry parameter g=0.85, y=(1-g)/2

[Bohren, 1987], and a surface reflectance of Rs=0.50, giving a cloud reflectance of

R_=0.43 and a total measured reflectance of Rm=0.64 (similar to FIRE-ACE cloud

retrievals discussed in section 4). Then Eq. 3 implies that an increase in Rs of 0.05 would

result in a decrease in the retrieved cloud optical thickness by over 25%. Or alternatively,

if the retrieval is made with an assumption that Rs=0.50, but the actual value is Rs=0.55,

then the relative error in the retrieved optical thickness is A'r¢/'r_+30%. Similarly, Eq. 2

gives a retrieval error of A't-_/'t-c_.+50% if the measured reflectance R= is in error by an

amount of +0.05. In contrast, for the identical cloud over a dark surface with the

assumption R_=0.05, resulting errors due to the same underestimation in the surface

reflectance and overestimation in the measured reflectance are reduced to A'r¢/'r¢-+7%
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and +22%, respectively.In summary,for this rather typical cloud, optical thickness

retrieval uncertainty due to a realistic uncertainty in the knowledge of the underlying sea

ice surface reflectance, is greater by about a factor of four than retrieval uncertainty

caused by a similar absolute uncertainty in the reflectance of a dark surface. Retrieval

uncertainty due to measurement error is increased by a factor of two when the ice surface

is present.

As discussed, the use of a non-absorbing band is not inherent to the retrievals, and

two absorbing bands can also be used. The snow/ice surface albedo can be very small in

all near-infrared bands as shown in the next section. Accordingly, Fig. 2a shows the

solution space when the visible channel is replaced by a 1.6_tm channel (absorbing for

cloud droplets but much less than for the 2.11am band). Again, a surface albedo

equivalent to that of open water was used in generating the plots. While a simple analytic

approximation is no longer feasible for this situation because of droplet absorption, such

a retrieval would clearly have little dependence on sea ice characteristics, or fractional ice

coverage. The disadvantage is that the solutions no longer have an orthogonal region, and

so measurement error in one channel will always cause error in the retrieval of both cloud

parameters. Specifically, retrieval error in one parameter causes a proportional (same

sign) error in the other. An increased sensitivity to measurement error, when compared to

the traditional non-absorbing band method with a dark surface, is also evident. Figure 2b

shows the improved situation obtained with use of a 3.7_tm band. However, cloud

thermal emission in this band (also dependent on optical thickness and effective radius)

can be a significant part of the measured upwelling radiance, thereby complicating the

retrieval [Arking and Childs, 1985; Han et al., 1994; Platnick and Twomey, 1994].

3. Spectral Albedo Measurements of Arctic Sea Ice and Snow

The utility of near-infrared water absorbing bands for cloud retrievals over

snow/ice surfaces requires a small, hopefully insignificant, albedo in this spectral region

compared with shorter wavelengths. Ground-based snow/ice spectral surface albedo and

bidirectional reflectance measurements have been reported for a variety of locations and

seasons. However, our particular interest is in large area-averaged measurements of

albedo in those particular visible and near-infrared spectral bands useful for cloud

retrievals. Such data is available from the Cloud Absorption Radiometer (CAR) flown

aboard a low-flying aircraft during previous Arctic field campaigns.
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TheCAR is a narrowbandvisible/near-infraredscanningradiometermountedin

thenoseconeof theUniversity of WashingtonConvairCV-580aircraft (previouslyon

theUniversityof WashingtonC-131A).Spectralchannelsincludethe0.68,0.87,1.2,1.6,
and 2.1_tmbands. Though originally designedfor use in thick cloud layers, the

instrument'sunique 190° zenith-to-nadirscanningcapabilityalsoallowsit to beusedto

mapsurfacehemisphericupwellingbidirectionalradiancefields.Suchmeasurementsare

obtainedasthe aircraft flies repeatedcircles (approximately3km in diameter)overa
studysite,at a typicalaltitudeof 0.5-1.0km.Aircraft roll duringthecircular flight tracks

is compensatedfor by rotatingtheCARassemblywithin thenosecone.Surfacealbedois

derivedfrom integrationoverthe CAR upwardhemisphericradiancemeasurementsin
conjunctionwith solar spectralflux tables.Thederivedalbedois effectively averaged

overaspatialscaleon theorderof 3km (95%of thereflectedenergyis capturedwithin

this scalefor isotropicreflectance).Furtherdetailsof the instrumentandalgorithmare
givenin Tsay et al. [1988] and Arnold et aL [2000].

CAR bidirectional measurements were made during two previous Arctic field

deployments: the Arctic Lead Experiment (LEADEX) during April 1992 and the June

1995 Arctic Radiation Measurements in Column Atmosphere-Surface System

(ARMCAS). As with the FIRE-ACE campaign, both experiments were conducted in the

vicinity of Barrow, AK and north over the Beaufort and Chukchi seas. A complete

analysis of the reflectance data, including melt season sea ice, snow/ice over the tundra,

and clear tundra is discussed by Arnold et al. [2000]. While such measurements can be

made under diffuse conditions when higher cloud bases are present (more appropriate to

the cloud retrieval problem), the analyzed data from these experiments was taken under

clear sky conditions. Solar zenith angles in this region varied from about 65 ° to 50 °

between April and June during CAR acquisition times. A summary of the CAR albedo

calculations for sea ice and snow/ice over tundra are given in Fig. 3. Albedo for the

shorter wavelengths is seen to be large and variable, both being problematic for cloud

retrievals (Fig. I a; Eqs. 2, 3). In contrast, albedo in the 1.6 and 2.1 ktm bands during June

is only a few percent, similar to open water, and with relatively small variability.

However, 1.6_tm snow/ice albedos in April are significantly larger than in June, though

still much smaller than at shorter wavelengths (2.1 I.tm data not available). Figure 3

albedo calculations do not include an atmospheric correction appropriate to the aircraft

altitude. However, it is exactly this combined surface-atmosphere albedo near cloud base

that is relevant to the cloud retrieval problem.



Theobserveddecreasein spectralseaicealbedobetweenApril andJunefor the

two previous field campaigns,were also found in solar broadbandalbedo aircraft

measurementsduringFIRE-ACE[Curryand al., 1999]. The CAR observations are also

consistent with Arctic springtime ground observations of sea ice albedo under diffuse sky

conditions [DeAbreu et al., 1995; Grenfell and Perovich, 1984] where reflectance is

reduced across the solar spectrum as overlying snow begins to melt. MAS bidirectional

reflectance measurements of sea ice throughout the Barrow region during a clear sky

ER-2 flight (29 May 1998) are also shown in Fig. 3. These data points also confirm the

extremely low reflectance for the near-infrared bands during this time of year. So at least

during the late springtime period, near-infrared ice/snow albedo in this region is likely to

be comparable to dark open water and therefore ideally suited for cloud retrievals.

4. Liquid Water Cloud Retrievals from FIRE-ACE

Simultaneous cloud microphysical and optical thickness retrievals were

performed on a variety of liquid water clouds imaged by the MAS during the FIRE-ACE

ER-2 deployment period. Retrievals used the spectral technique described in section 2,

with the 1.6_tm band used as a surrogate for a non-absorbing band in conjunction with a

2.1 or 3.7_tm band (e.g., Figs. 2a,b, respectively). Otherwise, the algorithm is identical to

Platnick et al. [2000]. Of the 11 ER-2 flights flown from 18 May-6 June, coordinated

cloud in situ sampling by the University of Washington CV-580 aircraft occurred during

6 of the flights. Two of these coordinations were in relatively uniform cloud regions

useful for liquid water validation purposes. These case studies are discussed next.

4.1 Lowlevel boundary layer stratus cloud on 6 June 1998

An extensive boundary layer stratus cloud was overlying the coastal region along

Barrow, AK at midday on 6 June 1998. The cloud was about 300m thick with a cloud-top

height and temperature of about 800m and 268K, respectively. The ER-2 takeoff from

Fairbanks, AK was at 1855UTC, with an objective to fly several flight legs over the

Barrow region during the course of the day's flight. The CV-580 takeoff from Barrow

was at 1941 UTC, followed by in situ profile measurements during the subsequent ascent

through the cloud layer. A second profile was made in this region at 2310UTC. Such

vertical transits through the cloud are required for determining integrated optical and

liquid water paths. Also, an appropriate weighting can then be applied to the effective
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radiusprofile for comparisonwith the vertically-averagedreflectance-basedretrievals

[Platnick, 1999].The coordinationclosestin time with theUniversity of Washington

CV-580 in situ measurements occurred during the initial ER-2 overpass at 2002UTC on

the original northwest flight track out of Fairbanks. While this was 21 minutes after the

first in situ profile, the later CV-580 profile showed just a small change in droplet

effective radius over the three-and-one-half hour gap (cloud-top sizes increasing by about

1.3 _tm). Further, the retrievals discussed later indicate relatively uniform effective radii

throughout the region at the time of the first ER-2 overpass.

Overflights of the North Slope of Alaska Atmospheric Radiation Measurement

(NSA ARM) surface site near Barrow typically occurred several times during each ER-2

flight, including the initial flight from Fairbanks, AK out over the sea ice. This first pass

over the ARM site generally occurred about the same time each day. As such, clear-sky

MAS images of this region which were obtained twice in the week prior to the

occurrence of the 6 June boundary layer cloud. These earlier images demonstrate the

variable and often unpredictable nature of the land and ocean surface reflectances near

the coast during this time of year. Figure 4a shows a geolocated visible MAS image over

the Barrow area on 29 May 1998. Sea ice is seen to be widespread across the northern

end of the image, with open water near the coast and snow/ice covering the tundra. Just

four days later (Fig. 4b), the tundra has completely cleared of snow, though the myriad of

melt-ponds remain frozen. Ice in the inlet southeast of Pt. Barrow has melted as well.

Also, the offshore open water area appears to have diminished somewhat, with

substantial sea ice fraction towards the southwest. Clearly, knowledge of such fine scale

detail in the surface characteristics on a day-to-day basis would be extremely challenging

for useful cloud validation studies, much less global scale retrievals. At the time of the

MAS cloud observations three days later, the coastal open water area appeared to have

diminished further as noted in CAR measurements made beneath the stratus cloud as the

CV-580 was flying parallel to, and just offshore from the coast. MAS bidirectional

reflectance measurements of the wet, recently melted, tundra obtained from the 2 June

image (Fig. 4b) were found to be about 0.30+0.14, 0.06+0.04, and 0.04+0.03 in the

0.67, 1.6, and 2.1 _tm bands, respectively. Observations were for a solar zenith angle of

54 ° and with near-nadir views. No atmospheric corrections were made, a situation more

applicable to the cloud retrieval problem which requires reflectance referenced to the

cloud-base altitude. The low near-infrared surface reflectances, similar to that of the ice

and open water, suggest that little discontinuity should be seen across the ocean-land

boundary in the retrievals.
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Figure 5ashowsthevisible MAS imageat thetime of the cloudretrievalon 6

June.The land-seaboundaryis easily observedthroughthe cloud. Frozenpondsare

notedaswell astheopenwaterinlet southeastof Pt.Barrow.Conversely,becauseof the

low albedofor all surfaces,the corresponding1.6_tmbandimage(Fig. 5b) showsa

uniform cloudacrossthecoastalarea.A sharpboundarybetweena substantiallythinner
cloudregionis seentowardsthenortheastof the image.Thisboundaryis now observed

to be a real featureof the cloud field and not an artifact of the underlyingsea ice

boundary.An atmosphericcorrectionwasappliedto the MAS spectralmeasurements
using an above-cloudcolumn water vapor amountof 0.95gem2 (estimatedfrom a

SHEBA ice stationrawinsondelaunchedat 2300UTC).Resultingoptical thicknessand

effectiveradiusretrievalsusingthe 1.6and2.1_tmbandsareshownin Figs. 6a,b.As

expected,opticalthicknessretrievalsdonotshowtheunderlyingdiscontinuitiesobserved
in thevisiblebandsurfacereflectance.In addition,effectiveradiusretrievalsareseento

be quiteuniform throughoutthearea,rangingfromjust 8-10_tmthroughoutmuchof the

offshorecloudregion.Liquid waterpathretrievals(approximatedasL WP-0.67"rro, in

units of gm -2 with effective radius in micrometers) are shown in Fig. 6c. Though only

exact for a vertically uniform cloud where differences between various relevant moments

of the droplet size distribution can be ignored, the water path approximation is likely to

be quite accurate (better than 10%) for similarly thick adiabatic clouds [Platnick, 1999].

Liquid water path results closely resemble the pattern of the optical thickness retrievals

due to the narrow dispersion in droplet sizes.

MAS retrieval statistics from the validation region (comprised of over 6,500

pixels) are given in Table lb. The table also gives in situ profile measurements of the

vertically integrated liquid water path and optical thickness (derived from Gerber

Scientific's PVM-100A and integrating nephelometer, respectively). Calibration

coefficients for the PVM are traceable to standard methods [Gerber et al., 1994] and

recent glass bead tests. Nephelometer extinction measurements, at a visible wavelength,

have an estimated uncertainty of 5-10%. The in situ effective radius given in the table is a

vertical weighting of the FSSP-100 measurements, assuming an adiabatic profile

[Platnick, 1999]. FSSP effective radius measurements were found to be in excellent

agreement with PVM-derived calculations. There is a 20% overestimate in retrieved

optical thickness relative to the in situ value, though effective radii agree to within a few

percent. Liquid water path values are in found to be in excellent agreement, though it is

seen that a water path estimate (see above formula) using the in situ optical thickness and

effective radius is 13% lower than the integrated PVM measurements. This lack of
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consistencymightbedue,in part,to theuseof anindependent measurement source for

each parameter, coupled with small-scale microphysical variability. For instance,

measured effective radii at the same cloud level often vary by one to two micrometers on

this day. Validation conclusions are also made difficult by the small in situ sample region

(consisting of a single profile), compared with area-averaged reflectance retrievals

(where reflected photons sample a horizontal region on the order of several hundred

meters for the cloud in question). Given these caveats, the results of Table Ib are very

encouraging.

When retrievals from the validation region were performed using the 1.6 and 3.7

gm MAS band combination, average effective radii were 14.0gm (4-5gm larger than

when using the 2.1 Ixm band). Though some size discrepancy is expected since the

average penetration depth varies with band droplet absorption, this large difference

cannot be explained by the observed droplet size profile. Due to the lack of orthogonality

seen in Fig. 2b, optical thickness retrievals were also larger by a similar fraction (average

value of 15.3).

4.2 Midlevel stratus deck on 3 June 1998

A supercooled, midlevel stratus cloud (cloud-top temperature and height of256K

and 3.3km) covered the SHEBA ice station region on 3 June 1998. In situ profile

measurements through the 600m thick cloud layer were obtained just northeast of the ice

station at 2122UTC. Integrating nephelometer analysis of the volume-averaged particle

asymmetry parameter in the visible is consistent with the existence of spherical (liquid)

cloud particles. Though several modes of ice crystals were observed by the University of

Washington PMS 2D-C probe (maximum dimensions of about 200gin and 2ram),

concentrations were very small, about 0.15 per liter, suggesting that the cloud layer was

almost entirely liquid water. Lidar data from the SHEBA site also indicates liquid water

droplets at the overpass times (T. Uttal and B. Orr, personal communication).

Measurement statistics are summarized in Table 1a. The upper range given for optical

thickness accounts for the presence of a lower, separate cloud layer, observed between an

altitude of 0.5-1krn during the CV-580 profile. This lower layer is found to contribute an

additional optical path of only 3, compared with about 11 for the midlevel cloud layer.

Over the SHEBA site, radar and lidar data indicate the dissipation of a thin lower layer at

about 2200UTC. However, the large-scale persistence of this optically thin layer

throughout the validation region is not certain. Regardless, the potential ice particle
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contributionto optical extinction from either layer is likely to be insignificant, and so a

liquid water retrieval algorithm should be suitable for the combined layers, if present.

The ER-2 flew over the same cloud region at 2103UTC (about 20 minutes before

the CV-580 sampling). A visible MAS image of this region is shown in the left panel of

Fig. 7a (not geolocated); the imaged area is approximately 37km in the east-west

dimension by 31 km. The in situ measurements are well north of the distinct east-west

cloud band whose northern boundary is seen just to the south of the ice station (note the

eddies seen throughout the northern boundary region, apparently caused by horizontal

shear-induced turbulence). A subsequent ER-2 overpass towards the southeast was made

over the ice station about 30 minutes later (10 minutes after the in situ in situ profile)

allowing two flight tracks to be included in the validation. The second pass showed the

cloud band to be advecting to the north-northwest at about 4.5rn/sec. The shape of the

northern edge of the boundary was preserved during this time. It will be shown (Fig. 7a)

that retrieval differences across this boundary can be significant, especially for effective

radius. Variability within each cloud region is also substantial. It is therefore important to

co-locate the cloud region corresponding to the CV-580 measurements with MAS

imagery from the two ER-2 overpasses at earlier and later times. Assuming that all cloud

parcels move with the same mean flow as the boundary, a simple estimate can be made

for the forward and backward trajectory of the sampled cloud. In this manner, optical

thickness and effective radius retrievals were averaged from the two flight tracks (an

unweighted average of over 17,000 pixels from the first overpass image, and 4,000 pixels

from the second overpass). An atmospheric correction was based on an above-cloud

column water vapor amount of 0.3 gem -2 (derived from a SHEBA rawinsonde launched

from the ice station at 2300UTC). Results, shown in Table la for the 1.6 and 2.1 _m band

retrievals, are again in good agreement with the in situ measurements. The second

number in the CV-580 column includes the contribution of the thin lower cloud layer. In

contrast to the results of section 4.1, the in situ estimate of liquid water path based on

optical thickness and effective radius agrees well with the retrievals, but is in excess of

the integrated liquid water content measurement. The large-scale retrievals are shown in

Fig. 7a. Liquid water path (not shown) ranges from about 30 gm -: in the southern region

as well as just to the north of the cloud band in the western edge of the image, to a

maximum of about 110 gm -2 in the eastern eddies just inside the cloud band.

For comparison, retrievals made with the 1.6 and 3.7_m bands are shown in

Fig. 7b. Effective radius retrievals are larger by about 3_tm (an average of 11.2_tm), with
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anopticalthicknessincreaseof 55% (average of 22.7). The cause of this large effective

radius discrepancy for both clouds is unknown. MAS retrievals of summertime California

marine stratocumulus clouds have also shown significantly larger effective radii when

using the 3.7 lam and non-absorbing band combination [Platnick et al., 2000]. In fact,

absolute size retrieval differences are generally the same, about 4-5_tm. As already

mentioned, measured droplet size profiles do not account for the difference. For

comparison, a retrieval case study for marine stratocumulus using the Advanced Very

High Resolution Radiometer (AVHRR) 3.7_tm channel on the NOAA polar orbiting

satellites yielded better droplet size agreement [Platnick and Valero, 1995]. MAS

radiomeWic measurements in the 3.7_tm band would have to be increased by about 20%

to give retrievals consistent with in situ profile measurements and 2.1 Ima band retrievals.

Though instrument calibration is always a potential issue, emissivity analysis of the

onboard blackbodies used in processing the 3.7_tm band data is not thought to be a source

for such an error. Increasing the amount of above-cloud water vapor absorption acts to

reduce retrieved radii. However, for the 3 June case study, an increase in the column

amount by over a factor of 9 (reduction in the 3.7_tm band above-cloud nadir

transmittance from 0.95 to 0.83) would be required to move retrievals into the in situ

range. It should be noted that top-of-the-atmosphere solar spectral fluxes used in

computing cloud reflectance for this band are in need of modem corroboration. A

common source of data is from the compilation of Thekaekara [1974] which reports

fluxes at 100nm intervals through this band. The 3.7btm band retrieval issue is clearly in

need of further study.

5. Discussion and conclusions

An algorithm for retrieving cloud optical thickness and effective radius over ice

and snow surfaces has been developed. Retrievals have been applied to imagery data

obtained from the MODIS Airborne Simulator (MAS) instrument flown aboard the

NASA ER-2 during the Arctic FIRE-ACE field deployment from May-June 1998.

Results from two case studies have been compared with in situ measurements from the

University of Washington CV-580 aircraft.

The new retrieval technique uses only a combination of spectral bands for which

the snow/ice surface albedo is relatively small, and eliminates the use of visible and other

bands for which the surface reflectance is large. A large surface reflectance is

problematic for two reasons. First, as demonstrated in section 2, it is not likely that the
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surface reflectance can be specified to the level of accuracy needed for useful optical

thickness retrievals. This applies to the spatial and temporal scales needed for global

studies, as well as small-scale validation exercises near coastal or other transitional areas.

Secondly, even if the surface reflectance is specified accurately, a large value diminishes

the impact of the cloud contribution to the overall reflectance. This effectively reduces

the sensitivity of aircraft or satellite measurements to cloud optical thickness, or

conversely, the optical thickness retrieval error is increased for the same amount of

measurement or cloud modeling error. However, a 1.6 gm band reflectance measurement,

combined with a 2.1 _tm or 3.7 _m band measurement, has sufficient information content

for performing retrievals. In a sense, the 1.6p.m band is used as a surrogate for the

traditional band where insignificant water droplet absorption (e.g., 0.67, 0.86gin bands)

provides a nearly independent estimate of cloud optical thickness. The advantage in this

modified algorithm is that each of these longer wavelength bands has a small snow/ice

surface reflectance during the time frame of the FIRE-ACE experiment (similar to dark

open water). Earlier in the springtime (April), spectral sea ice albedo derived from the

CAR instrument is significantly larger than in June for all bands, including the 1.6tJxn

band (see Fig. 3). For such a situation, algorithm advantages may not be as significant.

The disadvantage with this technique is that the two cloud parameters are no longer

orthogonal through much of the measurement space due to significant droplet absorption

in the 1.6gm band. An increased sensitivity to measurement error still exists compared

with traditional retrievals over dark surfaces.

MAS retrievals were made for several liquid water clouds during FIRE-ACE,

including the two extensive stratus case studies discussed here: a low boundary layer

cloud and a midlevel supercooled cloud. In both cases, retrievals are in close agreement

with CV-580 in situ measurements when the 1.6-2.1 _tm MAS band combination is used.

However, when using the 3.7gm band, effective radius retrievals are found to be 3-5gm

larger than expected from cloud profile measurements. The source of this discrepancy is

not immediately obvious. An overall impression is that results for the FIRE-ACE clouds

appear very similar to previous retrievals on warm marine boundary layer stratocumulus.

Future efforts will use the algorithm to derive retrieval statistics from all useful liquid

water cloud observations during the ER-2 deployment period. The initial success of the

technique has important implications for the future development of robust operational

satellite cloud retrieval algorithms in polar and wintertime regions.
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Fig. 4.

Cloud retrieval solution space showing contours of constant optical thickness

(zc) and droplet effective radius (re) as a function of 0.67 and 2.1 _tm band

reflectances. A point specified by measurements in the two spectral bands

gives the solution. Two different surface albedos in the visible are considered:

(a) Lambertian reflectance of 0.06 corresponding to open water, and (b)

reflectance of 0.50 corresponding to sea ice. Calculations are for/z0=0.55,

_=0.85, and an azimuthal average.

Same as Fig. 1, but retrieval solution space as a function of(a) 1.6 and 2.1 _tm

band reflectances, and (b) 1.6 and 3.7 lam band reflectances. Surface albedos in

both spectral bands correspond to sea ice measurements as described in the

text.

Sea ice and snow albedo derived from CAR measurements in the vicinity of

Barrow, AK during April 1992 (LEADEX, open triangles) and June 1995

(ARMCAS, closed symbols). Also shown are selected MAS sea ice

bidirectional reflectance measurements on 29 May 1998 during FIRE-ACE.

MAS 0.67 _tm band geolocated images of the Barrow, AK area on two clear-

sky days: 29 May 1998 (top image) and 2 June 1998 (bottom). Complete

melting of snow/ice on the tundra occurred during the four days between

images, along with significant movement of offshore ice.

Fig. 5. MAS 0.67 _tm band geolocated image of an extensive lowlevel stratus deck in

the Barrow, AK area on 6 June 1998 (top image) where differing surface

reflectances are clearly seen through the cloud. Corresponding 1.6 _tm image

(bottom) with small surface reflectances for snow/ice and wet tundra indicates

a relatively uniform cloud across the land-ocean boundary.

Fig. 6a.

Fig. 6b.

Fig. 6c.

Cloud optical thickness retrievals for the 6 June 1998 lowlevel stratus deck of

Fig. 5 using MAS 1.6 and 2.1_tm bands. Optical thickness is seen to be

continuous across the land-ocean boundary while a dramatic decrease is seen

across the cloud boundary to the north. The notation N.R. on the color bar
refers to no retrieval.

Same as in Fig. 6a, but retrieval of cloud droplet effective radius.

Same as in Fig. 6a, but retrieval of cloud liquid water path.



Fig. 7a. MAS visible band image (far left) showing a midlevel liquid water stratus deck

(cloud top heights at approximately 3.3. km throughout the three distinct cloud

regions) on 3 June 1998 in the vicinity of the SHEBA ice station.

Corresponding retrievals using the 1.6 and 2.1 _tm MAS bands are shown to the

right. The approximate location of the cloud region sampled by the in situ

probes about 10 minutes after the overpass is also indicated.

Fig. 7b. Same as in Fig. 7a, but for retrievals using the 1.6 and 3.7 _tm MAS bands.
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Table la. MAS retrieval summary (derived from two flight

tracks) and comparison with University of Washington CV-580

in situ measurements, 3 June 1998.

Parameter MAS retrievals*

(statistics)

UW CV-580

(derived from profile

measurements)

z 14.4 10.7-13.9 l

OT 1.5

re (ktm) 8.3

are 0.6

8.1 2

L WP (g m -2) 80

CYLwe 10

45-563

Table lb. MAS retrieval summary and comparison with

University of Washington CV-580 in situ measurements, on
6 June 1998.

Parameter MAS retrievals*

(statistics)

UW CV-580

(derived from profile

measurements)

Z 10.4 8.6 l

O'T 1.7

re (_tm) 9.3

_re 1.1

9.02

L WP (g m -2) 64

crLwe lO

603

"retrievals using 1.6pm and 2.1pm MAS bands; _lntegrating
nephelometer, Gerber Scientific, Inc.; 2 FSSP-100 (expected retrieval

range based on adiabatic vertical profile); a PVM-I OOA.
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bands gives the solution. Two different surface albedos in the visible are

considered: (a) Lambertian reflectance of 0.06 corresponding to open water,

and (b) reflectance of 0.50 corresponding to sea ice. Calculations are for

_t0=0.55,/_=0.85, and an azimuthal average.
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